There is much regularity in Chinese characters. For example, the characters (car), (wheel), (rail), (transport), (carry), (turn) and (the roar of train) are all in relation to "transportation" and at the same time share the component . An interactive database that can retrieve these characters as linked together can enable students to explore and discover the relationship among the characters. This paper reports our many years of works in designing and developing such databases for learning Chinese characters. Several interesting issues on the implementation are raised, including intuitive interaction, demand of high accuracy, codification of components, decomposition of characters, handling multiple acceptable values, irregularity of Chinese characters and application-oriented development. Unlike most technology-centric research, much of our experience has been gained through an iterative development of the databases with actual contents and in collaboration with the Chinese educators. In this paper, we hope to propose a more humanistic and contextual approach into the study of Chinese computing.
Figure 2. Selecting characters by different criteria on the components
Clicking one of the characters in the list, say , will transport the students to another window that details all the particulars of the character . The left window of the figure below shows the four different possible meanings and senses of the character , namely, (question and answer), (academic attainment), (showing concern) and (ask even knowing). Since most ancient Chinese characters have evolved from a single-character word into the modern multiplecharacter word, the meanings of a character should better be illustrated with the uses of the character in words. Thus, moving over one sense gives a list of words, in which the character is used in the same sense. For example, the list starting with (question and answer) includes the words (question mark), (question) and (query), in all of which the character means "questioning". Selecting a word will pronounce the word and will give an example of a sentence using the selected word as shown below. 
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Discussion
Designing such a database involves making many decisions, judging and balancing the pros and cons of various approaches. The following reports our decisions and the underlying rationale leading to the decisions, which have been boiled down into seven principles.
The Principle of Intuitive Interaction
Since most teachers using the database are not going to be highly technically competent, ease of use has become one of the foremost important guiding principles in designing the databases. Over the many generations of the developed prototypes, much effort has been put to simplify the operation of the databases, especially in the way students interact with the structural components of the characters.
The early prototypes have adopted a rather technology-centric Binary Tree approach, in which each component of a character is divided into at most two sub-components. Students can traverse the → → Figure 5 . Traversing the components of the character in the early prototype However, this interface is difficult to use because the represented character on the screen is notably different from the manner of controlling it [17] . For example, to go to the component , the students have to pass through some kind of mental conversion to translate the desirable goal into a sequence of operations, namely, to the Left Child and then the Right Child. This is especially difficult for those students without a conceptual model of a tree in mind. As such, to unload the burden of the conversion, we attempt to build an interface in which the students can more directly manipulate [18] the structure of the character.
As illustrated below, in the Stroke Sequence exercise, a more direct and intuitive way of interacting with the character has been used for manipulating the structure at the stroke level. The students can click the strokes of the character right on the screen. When the correct starting end of the first stroke is clicked, the stroke will be written out immediately. The writing then proceeds stroke by stroke as ,
, and in the left component and then , , and . This follows the commonly accepted writing practice of stroke sequence in Chinese, namely from left to right and from top to bottom. But if the wrong end or the wrong stroke is being selected, the stroke will still be drawn but then be immediately cleared, giving feedback to the student that he has successfully clicked a stroke but unfortunately on the wrong one. The animated drawing of the strokes will also reveal the direction of writing the strokes, thus the students would know how to improve themselves. Sometimes the students may select a stroke in the wrong component such as first clicking a stroke in instead of . In so doing, the component on the screen will be dimmed, leaving only the component remain visible. This draws the attention of the student back to the component that the students ought to finish with before proceeding. In this way the students are scaffolded to write the components one by one and in the right sequence.
Õ
Figure 7. Writing a Chinese character with components in sequence
This sophisticated interaction however involves much difficulty in implementation. The difficulty lies in a lack of functions for processing the strokes of Chinese characters in most programming tools.
Because of this, we have to build our own Font Engine, rastering each stroke of the characters primitively from a closed loop of continuous Bezier curves [19] . The Font Engine has not only made possible a more intuitive interaction but also improved the artistic looking of the characters over the monotonous strokes produced in the earlier prototypes. This reflects our decision to assign more weight to the sense of beauty of the characters over realizing such technical possibility as automatic generation of the glyph of the characters recursively out of the components [4] .
The Principle of High Accuracy and Correctness
Teachers are often fully occupied with the busy schedule of teaching practice in schools, thereby Figure 8 . Difference between the system fonts and the recommended standard Though this slight difference may not be observable to most people, children will probably imitate this incorrect way of writing as the "correct" one. This seemingly unimportant matter should not be simply overlooked.
The accuracy of the contents will also be threatened by the tedious task of typing the data into the database. To minimize the chance of errors, we have not only conducted meticulous proof reading on our own, but has also convened a group of ten in-service primary school teachers to evaluate the database. Each of the teachers had to review a portion of the contents, and crosscheck with one another. Finally a report had to be turned in, commenting on the database in three perspectives: the accuracy of the contents, the design of the database and the application of the database in classroom.
This is the quality assurance procedure we have imposed to ensure accuracy.
Despite all these efforts, certain inaccuracy is intricate and cannot be easily determined. 
The Principle of Codifying the Components with Variations
There are now a number of standard schemes for the internal coding of the whole characters.
However, not until recently [23][24]
, there is still no widely accepted coding scheme for the components inside the characters. For this reason, we have to codify the components in our own way.
The codification process is found to be much more difficult than it apparently is.
The difficulty in codifying the components comes from the existence of many slight distortions in their form when they are fitted into different characters. The various forms of the components (man), (heart), (land) and (eat) are shown below. Notice that the base forms are sometimes notably different from the variant forms. For example, the character has nine strokes in total on its own, but has only eight strokes as a component of the character (rice).
Base Form Variant Forms
To As such, to deal with this problem, we have to codify the variants of the components as well, but keep a certain order in which the database will return the list of related characters. For instance, via the component of the character , related characters such as (happy) and (fear) will be listed out first; followed by the characters and and others, and finally the characters and the rest.
Though variant forms of components are related, the readers should not be confused with other similarly looking components that are actually treated as completely different in the Chinese writing system. For example, the following components should be codified differently even though the components resemble each others except with only a few more or less strokes. One way of handling these components is to further break down the components into a more simpler component along with a few detached strokes. Consider decomposing the component into the components and . By so doing, the total number of codifying components will be reduced, thus saving plenty of coding space. However we have decided not to take this approach because as for the learning purpose, the small difference between the components is considered as useful and important for the students to tell one component from another. Students should be taught to distinguish the two components as totally unrelated with connections to different meanings. For example, if the character (ill) was inappropriately regarded as a combination of the three components , and , a link from the component to the character would be superfluous even though the character apparently contained the component. It is because the component is the picture of a "house" as illustrated in (shop), (government office) and (warehouse). It would be wrong for the students to connect the character to the meaning of "house" rather than that of "sickness". As such, students ought not to mix up the components with .
The Principle of Decomposition of Characters
It is our belief that the decomposition of the characters into components can improve the students' effectiveness in learning the characters. But over-decomposing the characters may turn the characters into bits and pieces, ending up with a meaningless collection of strokes. Hence to what extent should the characters be decomposed should be examined with care. We found that it depends for what purpose to be achieved.
When the purpose is to develop a general coding scheme [25] [26][27] to code the forms of Chinese characters for input or data storage, we should find a minimal set of basic components. Such components are usually "small" and reusable, which can be used in a uniform way to cover as many characters as possible.
In contrast to this, when the purpose is for learning the characters, the breakdown of the characters should be considered on a character by character basis, only to a level useful for interpreting the character. Simply separating a picto-phonetic composition into the morphological and phonological components is a typical example. Our approach is basically similar to this because our purpose is to identify the components of a character that can help the students to recognize and memorize the the character , the decomposition will only give (the meaning "water") and (the sound "wu4").
However, is in itself a Chinese character. When taken as a character, is decomposed into the components and . So in a sense, the decomposition is context dependent. Using this approach, the resulting set of components will be large in number, along with many "big" and "small" components across the whole database. at the second level; lastly followed by the characters (down), (lake), (shine) and others.
Notice that usually the more surface the component appear, the more relevant to the meaning of "mouth" the characters are.
So far we discuss about breaking down a character into components for better understanding the meaning of the character. Learning to write the characters should however require a different approach in the breaking down of the characters. In this case, a character is decomposed into components on a flat plane so that the students can learn to write the components one by one. For example, the character is written in the sequence of the components as shown below. How to select the "correct" sequence of writing the character will depend upon how one see the priority of the rules in a slightly different way [29] . However, supporting these variations in writing will give rise to much complexity in the implementation. As such, we have decided not to accept more than one alternative. After checking up the references, we have picked up one sequence as the "recommended" that we want the students to follow. After all, we believe this reduction of complication in programming is worthwhile.
Another case of accepting multiple values is in searching and relating the characters in the database.
This has been dealt with differently. Searching for the characters should allow as many variants as possible to ease the students in locating the desirable characters. For example, any one of the sounds hang4, hong4 and hang6 should find the character . This is actually the way many developers of the Chinese input methods have adopted to make the typing of the characters more convenient. In some cases even non-standard variants or the simplified forms of the characters are accepted. For example, entering the keystrokes for the varied forms and can successfully find the characters (smoke) and (pair) respectively.
The Principle of Irregularity and Redundancy
The regularity existing within Chinese characters is fascinating. However, when the characters were being orderly put into a systematic and restrictive scheme, it was found that some characters are not that regular. The following indicates some of the relations in the database, which apparently exist among the characters but have later been completely modified to accommodate the irregularities.
From the outset, a character is often assumed to contain a number of components, which are in turn consisted of a number of strokes. This seemingly unquestionable relation is depicted as follows. These unusual cases obviously cannot conform to the relation claimed above since the shared strokes now belong to more than one components, violating the 1 to n relation between the component and the stroke. To adapt to this, we have actually stored the characters as many redundant representations rather than a generic set of logical rules. This approach obviously takes up more storage and running time, but is more malleable and flexible to meet the requirements of the real data. Actually many aspects of natural languages are implicit and even metaphorical [30] , we actually feel that the database is only imitating and mimicking the reality of the language. The language clearly cannot be, and ought not to be, governed by the computer.
The Principle of Application
Since no student can learn the characters solely from looking up the dictionary, we have also provided a variety of Interactive Exercises along with the database for the students to work on. The database has actually been designed with the intention to provide teachers with ease to generate learning exercises that retrieve contents from the database. In a sense, we have followed a scenario-based design approach [31] , developing the database with a set of applications in mind. Every time we picked up one learning exercise and then analyzed the functions and data needed to be supported by the database. In this way, we can prioritize and delimit the scope of the database development.
One of the applications alongside the database is the Morphological Component exercise. The purpose of the exercise is to raise the sensitivity of the students on what kind of morphological component a character is likely to possess. For example, the characters related to female will most likely have the morphological component . As shown below, after hearing the sound of the character (young sister), the student has to think about and choose among the options of (human) and (female) a morphological component for the character. Figure 19 depicts the schematic structure of the database that we have used to store the data of the first five hundred characters specified in the curriculum. The essential elements of scheme will be briefly described below, with the intention that the readers can have a taste of the intricacy of the database. by their pictorial origins, thus animation about the evolution of the forms will be provided.
A Scheme of the Database
Structure
. The breaking down of the form of a character is represented recursively in Structure. pronunciations are possible for the character , depending upon the referred meanings and senses of the character. When meaning "association", "capable of" and "gathering", the character is pronounced as wui2, wui5 and wui6 respectively, as in (se2wui2, society), (bat1wui5, incapable of) and (zoi3wui6, see you again).
Word
, Word Pronunciation and Sentence . Over 4,500 words, which are formed by one or more of the 500 characters, are stored in the database. The meaning and usage of a word are illustrated with two sample sentences using the word. The words are primarily pronounced using a character-by-character approach; but the sound of the character inside the word can also be overridden to accommodate the inflection of the sound at the word level. For example, both meaning "younger sister", the character is pronounced differently in the words (hing1mui2, elder brother and sister) and (dai6mui6, younger brother and sister). In this case, the tone of the character has been changed. In addition, some words may have the same appearance but of different meanings, such as (hok6wui2, association) and (hok6wui5, learn to). Again a sequence number has been used to differentiate the words.
Evaluation
The Dragonwise Series software has been introduced to more than 600 teachers in various public lectures. The feedback from the teachers, as indicated in the questionnaires administrated during the lectures, is generally positive. Many teachers think the software will be helpful to them and are also willing to try out the software in the classroom. Because of this, we have actually conducted a qualitative study on the classroom implementation of the software. The study has been carried out in three primary schools in Hong Kong. During the study, the teachers in these schools have used the software to teach primary one and two students for a number of lessons. Twelve of the lessons have been observed and videotaped for subsequent analysis. The teachers and the students have also been formally and informally interviewed after the lessons. Simply put, the results indicate that the implementation of the software in classroom is feasible, and the use of the software as consolidation activity is achievable. After the lessons, the students have become aware of the regularity of the Chinese characters. This can be clearly seen in one of the lessons, in which the students could successfully identify and distinguish the characters with adjacent pronunciations, namely, the of (eye), the of (sunny sky), the of (frog), the of (dragonfly), the of (clear) and the of (invite you). Further to these observational data are discussed in detail in [16] [32] together with the issues on pedagogy.
Summary
Chinese characters bear many relations among one another. When students are empowered to proactively explore these relations in a supportive database, the learning of Chinese characters can be greatly enhanced. This paper reports our experience in designing such a database for children to learn
Chinese characters. The basic functions of the database are to search, to expound and to relate the characters, as described at the beginning of the paper. Then several issues arisen from the development of the database have been discussed. We have made the following recommendations: (1)
The students should be able to interact with the characters in an intuitive way. ( 2) The quality and accuracy in the contents of the database should be assured. are working closely together with many Chinese language teacher educators. As such, we hope this research could throw light to a more humanistic and contextual approach towards Chinese computing.
